The biological, physical and chemical properties of New Zealand isolates of cocksfoot mottle (CfMV) and cynosurus mottle (CyMV) viruses were compared. The two viruses could be distinguished by host range differences and serological properties but their physical and chemical properties were similar. The virus particles differed in their buoyant density in CsCI (1.386 g/ml for CfMV; 1.379 g/ml for CyMV) and in their banding behaviour in Cs2SO 4 gradients (CfMV formed two bands at pH 5 while CyMV formed only one). Furthermore, CyMV was degraded by low concentrations of SDS at pH 7, while CfMV was resistant except in the presence of EDTA. The viral RNAs were comparable in mol. wt. but differed in their amount of secondary structure and sedimentation values. Molecular hybridization studies using all-labelled complementary DNA (cDNA) probes indicated that the RNA genomes of the two viruses had between about 5 % and 8% of their base sequences in common. Both viruses were detected in the nuclei of infected cells. However, CfMV, unlike CyMV, formed crystalline arrays in the cytoplasm. It is concluded that although New Zealand isolates of CyMV and CfMV share a number of similar properties they are distinct viruses.
INTRODUCTION
Two sap-transmissible isometric viruses of grasses, cynosurus mottle virus (CyMV) and cocksfoot mottle virus (CfMV), have been recorded in New Zealand (Mohamed, 1978a (Mohamed, , 1980a . CyMV was found to be widespread throughout the country and was isolated from four grass species, mainly from Cynosurus cristatus L. (crested dogstail) . However, CfMV was detected in only one species (cocksfoot) at one site (Mohamed, 1980a) . Both viruses have also been reported from Germany (Huth & Paul, 1977 ) and the U.K. (Serjeant, 1967; A'Brook, 1972) . CyMV was originally described by A'Brook (1972) as lolium mottle virus (LMV) but the name was later changed by Catherall et al. (1977) as they were unable to infect Lolium spp. with LMV.
New Zealand isolates of CfMV and CyMV are serologically related . This is in contrast to a recent report (Paul et al., 1980) in which no serological relationship was observed between several European isolates of CyMV and CfMV. The two viruses have many physical and chemical properties in common (Huth & Paul, 1977) but they can be differentiated by their host ranges (Catherall et al., 1977) . They have been classified into two different groups by , CfMV into the southern bean mosaic virus (SBMV) group and CyMV into the phleum mottle virus (PMV) group (termed LMV by Hull) .
This investigation was carried out to compare the biological, physical and chemical properties of New Zealand isolates of CfMV and CyMV in order to determine whether they represent distinct viruses or strains of one virus. eDNA with that in fractions containing unincorporated [3H] dCTP. The thermal stability of hybrids formed between each cDNA and its homologous RNA was determined as described by Gould & Symons (1977) .
RESULTS

Host range
Of ten grass species which could be infected with CyMV, five of these (Agrostis tenuis Sibth 
Serology
In gel diffusion tests, antisera to both viruses reacted with the homologous and heterologous antigens with the formation of distinct spurs (Fig. 1 a) indicating that the two viruses have some common antigens. However, there was some disparity in the proportion of antigenic determinants common to the two viruses; an anti-CfMV serum (homologous titre 1/256) reacted with CyMV to a titre of 1/16, whereas an anti-CyMV serum (homologous titre 1/1024) reacted with CfMV to a titre of 1/8.
Other types of gel diffusion tests (Aapola & Roehow, 1971) were also used to further examine the relationships between these two viruses. When a mixture of the two viruses was placed in the central well and dilutions of the respective antisera were placed in alternate peripheral wells (Fig, 1 b) a triangular pattern of overlapping precipitin lines was observed. This showed that, particularly at dilutions greater than 1 in 8, only the homologous reactions had occurred, indicating that the two antigens were different.
Spur formation was also studied using arrangements of reactants described by Aapola & Roehow (1971) . Equal amounts of CfMV and CyMV antisera were placed in the central well, a mixture of the antigens in one peripheral well and CyMV alone in the adjoining well, and each antigen alone in an opposite pair of adjacent wells (Fig. 1 c) . The precipitation pattern obtained showed that CfMV and CyMV are related but serologically distinct; when the antigens were placed in adjacent wells, the preeipitin lines crossed freely with the formation of double spurs, and when the antigens were placed in the same well, the reaction lines only partially coalesced, with the formation of a distinct spur (Fig. 1 c) .
Physical and chemical properties
The physical and chemical properties of CfMV and CyMV were similar ( Table 1 ). The two viruses had similar sedimentation values and when mixtures of the two viruses were centrifuged in the same cell in an analytical ultracentrifuge only one peak was observed. However, CfMV, had a slightly lower RNA content than CyMV (Table 1 ) and a lower .4260//128o ratio and extinction coefficient. In CsCI at both pH 5 and pH 7, and in Cs2SO 4 at pH 5, the buoyant density of CfMV was lower than that of CyMV (Table 1) . CfMV also formed two bands in CSESO 4 at pH 5 but only one band at pH 7, whilst CyMV formed only one band at both pH values.
The protein mol. wt. for both viruses were similar (Table 1) although on co-electrophoresis in 10% polyacrylamide gels the two coat proteins could be resolved (Fig. 2) .
The diffusion coefficients and hydrodynamic radii of both viruses were not significantly different (Table 1 ) and the particle mol. wt. calculated from these data were similar. The calculated number of protein subunits per virus particle for CfMV and CyMV was 173 and 176 respectively, which would suggest a capsid structure of T = 3 (180 subunits). Mohamed (1978b) . $ Determined at 4 °C in 0.01 M-sodium phosphate buffer pH 7 at different virus dilutions and extrapolated to infinite dilution. Not corrected for viscosity or temperature.
§ Determined as described by Mohamed (1978 b) . Mean of three experiments. II Mean of two determinations. ** Determined as in Mohamed (1978b) using either 0.01 M-sodium phosphate buffer pH 7 or sodium citrate (SSC) buffer.
t'~ Calculated using the Svedberg equation.
Stabilization of virus particles
Results s u m m a r i z e d in Table 2 indicate that particles of CfMV and C y M V can be stabilized by c o m b i n a t i o n s of cation-dependent protein-protein, p H -d e p e n d e n t p r o t e i nprotein, and p r o t e i n -R N A bonds. At p H 5, both viruses were resistant to 5 % SDS, indicating that at this p H they are stabilized primarily by protein-protein bonds. A t p H 7, C y M V was readily disrupted by low concentrations of SDS ( Table 2 ), indicating that at this p H the particles are stabilized primarily by p r o t e i n -R N A bonds. In contrast, C f M V particles were * Purified virus preparations were incubated at 20 °C for 1 h. ~" Particle stability was assessed by analytical ultracentrifugation as described by Mohamed (1978b) : +, stable; --, unstable.
not degraded by either SDS or EDTA alone, but were disrupted in SDS + EDTA ( Table 2 ), indicating that the particles are stabilized by both protein-RNA and cation-dependent protein-protein interactions. At pH 8.25, particles of both CfMV and CyMV were stable in either NaC1 or EDTA alone but were disrupted in NaC1 + EDTA ( Table 2 ), indicating that at this pH they are stabilized primarily by bonds involving divalent cations. N. A. MOHAMED AND D. W. MOSSOP Reijnders et aL (1973) using TMV RNA and E. coli rRNAs as markers. "~ Assuming a capsid structure of T = 3 (180 subunits) and using the mol. wt. values for protein subunits and particles shown in Table 1 .
~: Calculated using values for % RNA and particle mol. wt. given in Table 1 .
Properties of viral nucleic acid
The CfMV and CyMV RNAs were degraded by RNase A (1 gg/ml, 37 °C, 30 min) in both 1 x SSC (0.15 M-NaCI, 0.015 M-sodium citrate pH 7) and 0.1 x SSC, indicating they are single-stranded. Under non-denaturing gel electrophoresis conditions RNAs of both viruses had a mol. wt. of approx. 1.5 x 106 (Table 3) . However, the sedimentation coefficients of the two RNAs were different (Table 3) and on co-sedimentation in linear-log sucrose gradients the RNAs could be resolved (Fig. 3) . These results suggest that the two nucleic acids differ in the amount of secondary structure. In order to eliminate the effect of secondary structure on the migration of RNAs in polyacrylamide gels the nucleic acids were denatured in 8 M-urea and electrophoresed at 60 °C (Reijnders et al., 1973) . The results (Table 3) show that under these conditions the mol. wt. of CfMV and CyMV RNAs were similar. RNA mol. wt. calculated from % RNA and tool. wt. values for coat proteins and particles differed from those obtained by urea gel electrophoresis (Table 3) . These discrepancies probably result from the amplification of slight errors in the data used in these calculations.
Properties of cDNA preparations
The specific activity of cDNA prepared to RNA isolated from either CyMV or CfMV ranged from 3500 to 10000 ct/min/ng cDNA. Hybrids formed between the cDNAs and their homologous viral RNAs melted with a sharp thermal transition and with a high T m value (91 °C for CyMV-cDNA and 89 °C for CfMV-cDNA). This indicated that the hybrid formation was specific in each case, with no evidence of extensive base-mismatching.
In earlier experiments, CyMV-cDNA, prepared in the absence of sodium pyrophosphate, hybridized with CyMV RNA to only about 50%. Heating the template CyMV RNA at 60 °C for 2 min (followed by rapid cooling in an ice bath) immediately before cDNA synthesis stimulated the incorporation of [aH]dCTP into the cDNA product (about threefold) but only slightly raised the hybridization value to about 55 %. However, the addition of sodium pyrophosphate to the CyMV-cDNA synthesis reaction markedly improved the S 1 nuclease resistance of CyMV-cDNA: CyMV RNA hybrids from 50% to 85 %. In addition, the intrinsic S 1 nuclease resistance of cDNA preparations (i.e. incubated in the absence of added RNA) was reduced from about 15 % to <5 %. In contrast, hybridization values obtained with CfMV-cDNA were not altered by the presence or absence of sodium pyrophosphate in the cDNA synthesis reaction. Hybridization of CfMV-cDNA with CfMV RNA (O) and CyMV RNA (0). The RNA:cDNA hybrids were incubated at 60 °C for 2 h in 0.18 M-NaCI, 10 mM-tris-HCl, 1 mM-EDTA and 0.05% SDS (pH 7) and hybrid formation was assayed using S t nueiease (Gould & Symons, 1977 
Sequence homology between CyMV RNA and CfMV RNA
The kinetics of hybridization of CyMV-cDNA and CfMV-cDNA with their homologous and heterologous RNAs (Fig. 4a, b) indicate that the RNAs of the two viruses have a small amount of base sequence homology.
To obtain a more accurate estimate of the extent of sequence homology between CyMV and CfMV RNAs, homologous and heterologous RNA:cDNA mixtures were incubated at an R 0 t value of 0.42 × 10 -1 mol. s/l, high enough to ensure maximum hybrid formation. The results (Table 4) indicate that the two RNAs have about 5 to 8% of their sequences in common. In contrast, CyMV-cDNA and CfMV-cDNA hybridized with TMV RNA to 1.9 % and 0% respectively (incubated at an R 0 t value of 0.12 mol. s/l). 
Electron microscopy
The effects of infection by CfMV and CyMV on the ultrastructure of infected tissues were compared using a common host, T. aestivum cv. Kopara. Both viruses induce similar symptoms in this host. Electron microscopic examination of thin sections of systemically infected wheat leaves showed that both viruses reached a high concentration in parenchyma cells. Although numerous CyMV particles were present in the cytoplasm no crystalline arrays were detected. In CfMV-infected tissue, however, crystalline arrays of virus particles were common (Fig. 5) . Both viruses were also found in the cell vacuole, either in membrane-bound packets or in cytoplasmic strands. No obvious ultrastructural changes were observed in any of the cell organelles. However, virus particles were readily observed in the nuclei of CfMV-infected tissues (Fig. 6 a) . Virus particles were detected in most of the nuclei from CfMV-infected cells, both from naturally infected cocksfoot plants and inoculated wheat plants. In CyMV-infected cells, however, particles resembling virus particles present in the cytoplasm were only observed occasionally in the nuclei of inoculated wheat (Fig. 6 b) and oat plants; they were not detected in naturally infected grasses (Mohamed, 1980b) . Particles of both viruses were found in the nucleus either isolated or in small groups; no crystalline arrays or masses of particles were observed. A notable feature of infected cells, especially those infected with CfMV, was the presence of fibrils in the cytoplasm, usually in association with virus particles (Fig. 7 a, b) . These fibrils occurred most frequently in cells containing a high virus concentration. For example, in one case, in a cell infected with CfMV, an invagination of the cytoplasm into the nucleus contained virus particles and fibrils (Fig. 7 c) .
DISCUSSION
The New Zealand (N.Z.) isolates of CfMV and CyMV, like European isolates (Huth & Paul, 1977) , share many biological, physical and chemical properties; however, there are some significant differences between them. The geographical distribution of the two viruses in N.Z. is markedly different: CyMV is far more widespread than CfMV (Mohamed, 1978a (Mohamed, , 1980a . This may be due to differences in the distribution of their vectors as CyMV is transmitted by the aphid Rhopalosiphum padi L. which is common on grasses in N.Z., while the beetle vectors of CfMV (Oulema melanopa L. and O. lichensis L.) have not been recorded in this country. The host ranges of the two viruses are similar, but sufficiently different for them to be distinguishable. Catherall et al. (1977) were also able to differentiate between the U.K. isolates of CyMV and CfMV on the basis of host range. However, their isolate of CyMV, unlike N.Z. isolates of CyMV, was unable to infect D. glomerata.
Serological data for the two viruses indicate that although they are related this relationship is distant. Both viruses have some antigenic determinants in common which can be detected at low dilutions of antisera but not at higher dilutions ( Fig. 1 b, c) . This type of distant serological relationship may exist between strains of one virus, for example with barley yellow dwarf virus (BYDV) (Aapola & Rochow, 1971) or between distinct viruses belonging to the same group, e.g. the nepoviruses (Harrison & Murant, 1977) . Even with strains of BYDV, however, recent evidence indicates that some of these strains may be distinct viruses (Gill & Chong, 1979) . In contrast to the present study, Paul et al. (1980) were unable to detect any serological relationship between several European isolates of CfMV and CyMV. Differences in the results obtained may be explained if the N.Z. isolates of CfMV and CyMV are either intermediate to the isolates studied by Paul et al. (1980) , or if they were cross-contaminated. The latter explanation seems unlikely as such contamination would have been detected in hybridization experiments. In reciprocal immunodiffusion tests, the N.Z. isolates of CfMV and CyMV used in this study were both shown to be serologically related to U.K. isolates of these viruses (Mohamed, 1978b (Mohamed, , 1980a .
One of the main differences between CfMV and CyMV is the reaction of the virus particles to SDS at pH 7. CfMV, like other members of the SBMV group (Hull, 1977b) , is stabilized by both RNA-protein interactions and bonds involving divalent cations, while CyMV at this pH is stabilized mainly by RNA-protein interactions. The two viruses also differ in their banding behaviour in Cs2SO 4 at pH 5. These results agree with observations by Hull (1977 c) who suggests that viruses which show multiple bands in Cs2SO 4 are stabilized by divalent cations.
An electron microscopic study of the two viruses in the same host species showed that their behaviour in infected tissue differed slightly. CfMV, like other members of the SBMV group (Hull, 1977a) , formed crystalline arrays in the cytoplasm while CyMV did not. CfMV particles were readily detected in nuclei of infected cells as reported earlier (Chamberlain & CatheraU, 1976) while CyMV was rarely detected in the nucleus. However, a U.K. isolate of CyMV commonly occurs in nuclei of both grasses and cereals (P. L. Catherall, personal communication).
The mol. wt. of particles, coat proteins and nucleic acid of both viruses were similar although their RNAs differed slightly in the amount of secondary structure. Hybridization data indicate that the two viruses have a small proportion of their base sequences in common. That the small amount of sequence homology detected is significant is supported by two lines of evidence: homologous and heterologous RNA :cDNA mixtures displayed similar rates of (Fig. 4) , and RNA of an unrelated virus (TMV) failed to hybridize appreciably with eDNA to either virus. The hybridization data confirm that there are differences between CfMV and CyMV. This shows that molecular hybridization is a useful technique for determining the degree of relationship between viruses (Gonda & Symons, 1978) and may help to indicate which of the properties commonly used to distinguish virus strains are the most appropriate.
From the above data we conclude that the N.Z. isolates of CfMV and CyMV are distinct viruses. CfMV is a member of the SBMV group (Hull, 1977 a) . CyMV, while it fulfils most of the criteria for the SBMV group as set out by Hull (1977 a), differs from other members of the group in its banding behaviour in Cs2SO4, its reaction to SDS at pH 7, and its transmission by an aphid vector. Although CfMV and CyMV share many properties, at present it would be premature to group both viruses in the SBMV group.
